Tile three engine programs that constitute the propulsion portion of NASA's Aircraft Energy Efficiency Program are described, their status indicated, and anticipated improvements in SFC discussed. The three onglne programs are (1) Engine Component Improvement--directed ac current engines, (2) Energy Efficient Engine--directed at new turbofail and (3) Advanced Turboprops--directed at technology for advanced turboprop--powered aircraft with cruise speeds to Mach O.B. Unique propulsion system interactive ties to the airframe resulting from engine design features to reduce fuel consumption are discussed. Emphasis is placed oil the advanced turboprop since it offers the largest potential fuel savings of the three propulsion progrnms and also has the strongest interactive ties to tile airframe.
Introduction
One of the major reasons the United States was able to develop into a country of world dominance was file possession of unlimited energy producing natural resources and in particular fossil fuels. In the last two decades, our gruwth and consumer demand have begun to exceed our own supplies. The result hea been an increasing dependence oil foreign reserves. The effect of this perilous dependency began to be felt in 1973 with the OPEC oil embargo. With svpplies suddenly and drastically reduced, the price of fuel took an equally sudden and dramatic increase. The impact was felt by most elements of business including the air transport industry. Fuel suddenly become the major portion of the direct operating cost (D.O.C.) of an aircraft as shown in Fig, 1 . Until 1973, the various elements that together make up D.O.C. (fuel, mainterince, crew, and others) were oil increasing at oa,ly n modest rate. However, between 1979 and 1975 the price of fuel more than doubled. Using n domestically operated hoeing 727 as a representative aircraft (Fig. 2) fuel accounted for 26% of D.Q.C. In 1973 and by 1977 had increased to 4111. and 16 probnbl • a higher percentage today. Every indication is that fuel prices well continue to Increase rapidly in the near future, as the demand is still continuing to grow even at the higher prices. Some conserveLive estimates have projected that demand for fuel for air transport use may double by the year 2000. In order for the airlines to remain economically viable, reduced fuel consumption inns become a prime objective for the near term and nil necessity for tine future.
NASA Aircraft Energy Efficiency (ACEE) Program
In response to this need for greater fuel efficiency the National Aeronautics and Space Administration (NASA) in 1976 began the Aircraft Energy *Project Engineer, Energy Conservative Engines office.
Efficiency (ACEE) program. This program is broken into two major areas, propulsion, or engine related efforts, and aerodynamic, or aircraft related programs (Fig. 3) . The aircraft related projectsthe Energy Efficient Transport, Laminar Flow Controt, and Compoulte Components and Primary Structures -are manuvged by the Langley Research Center. The three propulsion related arena are managed by the Lewis iteacargh Center. These three programs and how they wilt, impact future aircraft design is the topic of Chit paper.
The potential fuel savings and technology availability of those programs is shown in Fig. 4 . The Engine Component Improvement (ML) project is directed at improving the fuel efficiency of future production of current engines; the Ceneral. Electric Company CF6 and the Pratt & 1411ltney Aircraft Group JT8D and JT90. These engines power the majority of todays commercial jet aircraft. The E.C.I. project is devoted to both improving the performance of engine components as well as devising means to retain high engine performance no engine flight hours accumulate. This program offers the promise of nearterm fuel savings of about 5%. These are improvements to current engines powering today's nir^raft and those of the near future. Tile impact of these improvements on future new aircraft designs will be small and therefore the E.C.I. effort will not be discussed further.
The second ACEE propulsion effort is the Energy Efficient Engine (E 3 ) project which involves developing and demonstrating the technology base for achieving o pocential fuel savings of 15-20% over current engines. Derivative engines incorporating elements of this program could appear on the market In the mid 1980 1 c, depending on the evolving market needs. This program, because it is aimed at new engine designs of the future, will have an impact on and provide new challenges to engine/aircraft integration.
The third ACEE propulsion effort is tine Advanced Turboprop (ATP) project.This effort is directed at establishing the feasibility of radically improving propeller driven propulsion systems... to the point where they can be effectively applied to future commercial air transports. Such propulsion systems, when developed, are expected to provide at least a 157, fuel savings over a new turbofan powered aircraft, where the turboshaft engine driving the propeller has the same level of technology as the new E 3 turbofans. Thus on advanced turboprop system could offer about 30-35% fuel savings over current engines. Based on an agressive technology development program, the advanced turboprop technologies could be available by the late 1980 1 s, thus starting to appear in connorcinl air transports in the mid 1990'x.. Tile challenge of a Me s 0.8, 30,000 ft turboprop opens, a whole new area in engine/aircrait integration and aircraft design.
Energy Efficient Encino (E3
Figures 5 and 6 allow schematics of Ilia General Electric and Pratt & Whitney energy efficient ougine baseline, designs respectively, using components to be Investigated in the F 3 program. Both enginea are high bypass ratio turbotans (G.E.o = 6.9; P & W: 1 -6.b). Aggressive technology advancements are incorporated in most of the components in both engines.
General Electric Conficuratlon
The General Electric design utilizes a 1011 tipspeed fan with a low placement of the mid-span damper to achieve over 887. efficiency. The novel quarter stage booster design serves a dual function. It aids matching of the fan and core streams, and additionally centrifuges any foreign objects away from the core stream thus reducing F.O.D. erosion in the core, Ilia compressor produces a 23:1 compression ratio in only 10 stages with a polytropic efficiency of over 90%. The coubustor is a twozone, double annular design. This rather complex configuration is required to meet the stringent emission goals, The two stage high pressure turbine is designed to achieve an efficiency of 92% and incorporates active clearance control and advanced materials, The low pressure turbine has five stages and was designed to be a low noise configuration.
Pratt & Whitney Configuration
The Pratt & Whitney engine design has a very aggressive fan design which incorporates unshrouded hollow blades. This will require advanced design and manufacturing techniques to keep the blades of a nominal size while still being strong and light weight. The Pratt & Whitney design tins low and high pressure compressors. The high pressure compressor has 10-stages and a 14:1 compression ratio. It incorporates supercritical airfoils,. trenched cases, and active clearance control to help achieve a polytropic efficiency of over 90%. The P & W combustor is also a two zone design for low emissions,. but the two burning zones are arranged axially in series. The high pressure turbine is a single stagedesign to gain. the cost and maintenance benefits associated with fewer hot section parts. To achieve the required high efficiency of 88% will require advances in .several areas including advanced airfoils improved cooling schemes, and advanced materials. The 4-stage low pressure turbine is counter-rotating and incorporates low leakages and active clearance controls.
Lon g Duct-Mixed Flow
As can be seen, both engines are long duct mixed flow designs. Both engine manufacturers independently selected mixed flow designs as a means of both improving performance and reducinn noise. Figure 7shows the potential performance improvement due to mixing. The gains in SFC are shown as a function of mixer pressure drop for constant values of mixing effectiveness. The objective is to achieve a high mixing effectiveness with a low pressure loss in a short mixing length and without any large weight penalties. Large SFC benefits (3-4%) are potentially realized with a.mixed flow system. Improvements as high as 2.5% have been demonstrated on an engine in n test cell at NASA Lewis with a moderate tailpipe length L/Ooff° 1.2,1 The two E 3 goals of 75% and 85% mixing effectivene?,e with n very Low (0.2%) pressure Loss would yield 3.1e, and 3.52 SFC improvements and nre to he nchieved -rlth very short mixing chamber lengths, L/D off ` 0,o end 0.6, respectively,.
In addition to improving performance, it is anticipated that the mixed fLnw engine with its reduced jet velocity will also provide a 2-5 dB noise reduction. Model parametric cost programs are currently underway investigating both the performance and the acoustics of a matrix of mixer designs.
The mixed flow does require a long duct nacelle which will require new ideas for wing/pylon/ nacelle design. In order to address this area, n cooperative test program wi1L be run envolving NASA Lewis, NASA Langley, and the General Electric Company. A model of the E 3 nacelle, housing a turbofan simulator, will be tested at Langley under a supercritical wing as shown in Fig. B . Also shown is a photograph of the model E 3 nacelle. To establish interference drag, the half span model will be tested without the nacelle and the nacelle will be tested isolated mounted on a strut. The nacelle will then be mounted under the wing and the combined Installed performance determined. This will be done for five different nacelle locations relative to the wing no shown in Fig. 9 . The reference point is the center of the nozzle exit and the nacelle is shown in position No. 1. The other four positions are denoted by their respective reference points with variations being in both the vertical distance below the wing and the horizontal, distance relative the wing Leading edge. This will help determine stow the interference drag varies with various positions of the wing/nacelle combination. Each of the three major airframe companies (Boeing, Douglas, Lockheed) were salted where the bast location for an E 3 type nacelle would be. The five test locations provide a. perturbation around the resulting position selections. All the Cast data will be made available to the airframe companies for their independent analysis. Figure 10 shows a drawing and crossection of the Langley designed pylon for Chase tests.
Advanced Turbooro
Tl,e Advanced Turboprop prnject is the most challenging of the three A.C.E.E. propulsion efforts, but also has the largest potential 'fuel savings. It must, of course, compete with current and new turbofan engines and so must be able to fly at high speed (Me -0.7-0,8) and at high altitudes 30,000 ft and above). The objective, therefore, is to develop enabling technology to permit officient, reliable acceptably operational turboprop aircraft that can fly at these conditions. The ATP effort in broken down into phases, as shown in 
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The four major elements of phase I are shown in Fig. 12 . 'ilia various elements are. not always In harmony with each other. For example, a propeller With high propulsive efficiency may have acoustic properties that are close to the natural frequency of most aircraft structures thus creating a natural resonance; or the engine or gearbox may be too large in sonic local areas, thus requiring undculrable contour changes in an otherwise promising nacelle/wing design. The various elements must he drawn together and tradeoffs made to achieve the optimum system .design.
Propeller/Nacelle
The first element, propeller/nacelle, involves the acrodynnmLe and acoustic performance of the new designs. The advanced propeller/nncelle designs are considerably different from past turbopr.np configurations. The experimental propeller noise levels mensured to date involve some degree of uicertninty because of the limitations of measuring noise in a wind tunnel. Two mats have been run. The first was run at :loch 0.8, but had possible wall reflection interferences. The second was in an acoustic Cumtel but was limited to aMach number of 0.3. As a result, NASA is proceeding with a program Lo record propeller noise in flight. The test vehicle will be a NASA owned Jet Star, shown in Fig. 16 , modified to carry a small (2-ft diam) propeller and its air-turbine drive on the topof the fuselage. The turbine will be powered with main engine bleed air. 'Ilia near field noise will be :measured by microphones mounted on the fuselage and darn recorded at conditions from takeoff to Mich 0.8 cruise. Testing will begin next year. 'Tile results from these tests will be used to upgrade the noise prediction programs and to provide Input for the fuselage attenuation studies.
Cabin Environment
The second element on Fig. 12 is cabin environment. In order for an advanced turboprop powered aircraft to be viable, it most provide equal cabin comfort with that of current turbofan powered transports. In order for the advanced turboprop to do this, It must overcome the problem of its high. near field noise. Thin may be the most challenging part of Lhe program and could have a big impact oil airframe design.
Three new propeller designs as previously stated, have been. tested in the wind tunnel for both aerodynamic and acoustic performance. 'Ilia resulting near field noise levels fall lit band shown on p ig. 17, and have n ' Fig. 17 , the two bars overlap indicating that it should be possible to achieve the desired noise level inside Cho cabin.
Tl,e solution, however, is not a simple one, and it involves several aircraft trades. Engine location can provide benefits, but with some possible PaoliLies. Moving the engines further outboard on the wing, increases the distance to the cabin, but would have assotiated structural and weight drawbacks. Placing the engines at the rear of the aircraft behind the passenger compartment may achicvp. similar benefits with lesser penalties.
While careful placement of the engines can provide some benefits, extensive fuselage suppresStan will still be required. It appears possible to further attenuate the noise using conventional treatment techniques, but the fuselage and cabin weight penalties begin to erode the potential fuel savings. Therefore, new ideas are necessary. Figure 18 shows the relationship between the fuselage suppression and frequency level. For a conventional fuselage, the suppression ties a minimum in a discrete frequency band. Unfortunately, this mini.-mum suppression area is very close to the propeller blade passage frequency. Three possible concepts to improve suppression are shown. Increasing the stiffness will reduce the amplitude of the excited vibrntions and shift the natural frequencies to higher values away from the blade passage frequency. Another concept is structurally tuning and damping, where the structure is designed to excite at preferrr,dmodes of vibration that can be easily damped. The double link wall concept involves a modification of current fuselage . and cabin walls to optiMize the din Crlbutfon of mass, stiffness, and damping. This concept thus becomes more effective at higher froquencies, and it may be advantageous to increase the number of blades. To date, some limited experimental results have been obtained for r ,w , i all three concepts. The final optimized configureclan to yield maximum suppression with minimum penalty may involve some combination of each of these concepts.
Studies were recently completed by Dolt, Beranek and Newman And the Lockheed California Company to irentify fuselage design concepts for obtaining low cabin noise levels with minimum acoustic weight penalty to tlm aircraft, The Lockheed concept is shown in Fig. 19 . It is a double walled design that incorporates the benefits of mass-ILke behavior, increased stiffening and damping. The estimated weight penalties for three possible trans ports are also listed, The planning effort is now underway to define small scale and large scale model test programs in order to conduct the tests required to validate the analytical tools used to compute acoustLe weight penalties and interior noise levels.
The changes in aircraft drag wLtb swirl angle for two Mach numbers are shown in Fig. 22 . The change in drag is 5^clative to the drag of the wLng/ body alone with noslipstream. When the slipstream was turned on with zero swirl an increase In drag of about 2.5% was seen. This increased drag remained until s pdrl angles somewhere in excess of 70 Between 7 0 and 11 0 the drag dropped, and at ll o a benefical effect was seen. The new propeller designs are highly loaded and swirl angle generally increases with higher power loading; this effect thus becomes an important consideration In overall system design, and indicates the wing should be tailored for optimum swirl recovery. Although this phenomena is not fully understood yet, it indicates that the installation drag of an advanced turboprop system has the potential of being better than that of a comparable turbofan.
Mechanical Components Installation Aerodynamics
The third element shown on Fig. 12 is Installntion Aerodynamics. This involvesthe challenge of integrating propeller design with wing design to achieve the best combination of engine efficiency and aircraft lift to drag ratio, while at the same time maintaining adequate stability and control. shed from these surfaces cause a deficit in the total pressures at these locations.
Tim last of the four elements in Fig. 12 , mechanical components, includes the propeller, gearbox and engine. Tim components must be designed and packaged in such a way that maintenance and reliability will be much Improved over that experienced by the past older technology turboprop aircraft. An analysis of 2lectra propulsion system data by Detroit Diesel Allison4 has indicated the major area where improvements are required. Preliminary concepts for gearboxes and propellers have indicated that drastic reductions in maintenance cost may be possible. Even with Lila very high maintenance costs of the Electra system, however, the fuel savings of the advanced turboprop still yields large savings in DOC. As was shown in Fig. 11 , future phases of the ATP program will address this area further, including full Scale propeller fabrication and test and gearbox system analysts.
Summ ary
In summary (Fig. 23) , the current internation.. al political and economic environment necessitates that our available energy supplies be used as efficiently as possible. This is especially true for the air transport industry as Lila price of fuel continues to climb. NASA -through the Aircraft Energy EViciency program -is developing the technology which will enable a continued reduction in fuel consumption. Specifically, for the propulsion System, three efforts are underway to improve current aircraft engines by about 5%, to develop technology for now engines with 10-1.5% improvement, and to provide a technology base for future systems with savings as high as 35% above the engines in service today. The new propulsion systems, however, will provide new technical questions that must be answered. Future turbofan engines such as E 3 will probably be long duct mixed flaw designs that must be carefully integrated with the aircraft so that the gains due to mixing are not lost through added weight or interference drag. Tile advanced turbopropsystem also must face integration problems both for performance slid noise. The noise problem in particular appears most challenging, but initial studies have yielded encouraging results. The po tential fuel savings are large and with proper installation even higher savings can be realized. . 2 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 YEAR END The three engine programs that constitute the propulsion portion of NASAt s Aircraft Energy Efficiency Program are described, their status indicated, and anticipated improvements in SFC discussed. The three engine programs are (1) Engine Component Improvement--directed at current engines, (2) Energy Efficient Engine--directed at new turbofan engines, and (3) Advanced Turboprops--directed at technology for advanced turboprop--powered aircraft with cruise speeds to Mach 0. 8. Unique propulsion system interactive ties to the airframe resulting from engine design features to reduce fuel consumption are discussed. Emphasis is placed on the advanced turboprop since it offers the largest potential fuel savings of the three propulsion programs and also has the strongest interactive ties to the airframe. 
Unclassified Unclassified
For sale by the National Technical Inf gr113ti9n Service. Springfielc. Vaginia 22161
